A phase field model is established to investigate the surface-energy-driven abnormal grain growth in thin films. It is consistent with sharp interface model and its parameters are connected to material properties. Numerical simulations show that surface energy anisotropy and drag effect are required to motivate the abnormal grain growth. The size of a single abnormal grain increases linearly as a function of time, and it exhibits power-law scaling with film thickness and Arrhenius relationship with temperature. For multiple abnormal grains, their area fraction can be characterized by the Avrami equation with exponent around 2 at large times. These features agree well with the theoretical and experimental results.
Introduction
Thin films have wide applications in electronic semiconductor devices and various coatings. As their performance and properties are governed by their microstructures, grain growth in thin films has gained a lot of interests. 1) Different from the normal grain growth, grain growth in thin films is generally abnormal and often accompanied by texture evolution, [2] [3] [4] [5] [6] [7] in which a few grains with specific textures grow much faster than the others. The driving forces for abnormal grain growth have been attributed to various factors, among which surface energy anisotropy is one of the most important driving forces due to large surface-tovolume ratios in thin films. 2, 3, [8] [9] [10] [11] Moreover, anisotropies in strain energy, 2) grain boundary energy 4, 6) and mobility 7) may also contribute to abnormal grain growth. In addition, drag forces due to impurities 6, 7) or grain boundary grooving 12, 13) also play an important role in triggering abnormal grain growth. It is expected that the energy anisotropy together with the drag forces tends to induce abnormal grain growth in thin films. In parallel to experimental investigation, a few theoretial models of abnormal grain growth in thin films have been developed as well. [12] [13] [14] [15] One common feature of these models is that they need to track the positions of grain boundaries, which becomes inconvenient when the morphology of grains is complex. Recently, phase field method has been extensively applied to model microstructure evolution due to its capacity of handling complex geometries. Several phase field models for abnormal grain growth in bulk materials have also been proposed. [16] [17] [18] In thin films, surface energy anisotropy is one of the main driving forces for abnormal grain growth. [1] [2] [3] [8] [9] [10] [11] This motivates current work, which attempts to develop a phase field model for surface energy driven abnormal grain growth and investigate the growth kinetics and its dependence on drag effect, film thickness and temperature.
Phase Field Model
In the phase field model, grain boundaries are approximated by diffuse interfaces, and the state of a system consisting of N types of grains is represented by N field variables i (i ¼ 1; 2; . . . ; N) such that i ¼ 1 at the i-th type grain and 0 at other grains. At grain boundaries, the corresponding field variables vary rapidly but smoothly. The free energy functional of a system is built on the one for normal grain growth 19, 20) by adding the contribution of surface energy such that
In eq. (1), A and B are positive coefficients related to the width and energy of grain boundaries. H represents the film thickness and i denotes the surface energy of the i-th grain that depends on its texture. R s is a constant used to minimize the influence of diffuse interface on its mobility. gð i Þ is an interpolation function with the properties gð1Þ ¼ 1 and gð0Þ ¼ 0. Since its specific form has negligible effect on grain boundary migration, here we set gð i Þ ¼
where L is the kinetic coefficient related to the grain boundary mobility and
F c is the critical driving force and H 0 ðxÞ is the Heaviside step function that equals 1 when x > 0 and 0 otherwise. H 0 function is used to capture the drag effect due to grain boundary grooving such that grain boundary moves when its driving force is larger than the critical value. Similar concept has been applied in sharp interface model for grooving 12, 13) as well as phase field model for solute drag. 17) 
Asymptotic Analysis and Parameter Modeling
As the diffuse interface assumed in phase field model is wider than the actual grain boundaries, it is important to check if the phase field model recovers the corresponding sharp interface model as the grain boundary thickness approaches infinitesimal. Moreover, in order to determine the values of the phenomenological parameters such as A, B and L, we need to connect them with the measurable material properties. These two issues are addressed here by applying asymptotic analysis. The asymptotic analysis of the phase field model (eq. (2)) follows the procedure in Ref. 21 ) and in the following we only show some critical steps for the sake of space.
Denote the reference length scale as l, and then the reference time scale can be chosen as l 2 =D, where D is the diffusivity. The reference energy density can be set as g =l. Under these references, the dimensionless form of eq. (2) when j
where the dimensionless parameters are
. In order to characterize the grain boundary migration, we choose a local coordinate ðz; sÞ ¼ ðr=; sÞ based on the parameterization of the central curve at the diffuse grain boundary, where r is the distance from that curve along its normal direction, and s is the measurement of the arclength along the curve. Under this local coordinate, eq. (3) becomes
where " i ðz; sÞ ¼ i ðx; yÞ denotes the field variable in the local coordinate, Ã and v Ã are dimensionless grain boundary curvature and velocity, respectively. Substituting the expansion " i ¼ " (4) results a series of equations, from which the interface properties can be extracted. In particular, by taking advantage of the properties gð0Þ ¼ 0 and gð1Þ ¼ 1, it can be shown that the velocity of the grain boundary separating two grains with surface energy difference Á can be written as
i;z Þ 2 dz can be assumed as a constant. Comparing eq. (5) with the sharp interface model, [13] [14] [15] v ¼ Mð g þ Á H Þ, where M is grain boundary mobility, shows that the phase field model recovers the sharp interface model in its sharp interface limit. It is noted that previous phase field models for multiphase systems generally assume that the movement of grain boundaries dominates the adjustment of triple points. 22) In the same way, the present model assumes that abnormal grain growth is dominated by the motion of grain boundaries and thus ignores the effect of interaction between three or more grains on the dynamics of triple points.
Comparing eq. (5) with the sharp interface model further shows that H and i in eq. (2) are actual film thickness and surface energy, so their values can be matched with experiments. Moreover, we may choose LB ¼ M g , which can be combined with two additional conditions, 23) 
, where l g is the grain boundary thickness. These three conditions result A ¼
where is the atomic volume, R is the gas constant, Q is the activation energy for migration, and k B is the Boltzmann constant, we have L ¼ 13) and d 0 is the initial average grain size. Following above procedure, the parameters in the phase field model are connected to measurable materials properties. In the simulation, we choose Cu film as an example material to show the effectiveness of the proposed model. The material properties used in simulation are 
Numerical Simulation and Discussion
In order to investigate the kinetics of the abnormal grain growth due to surface energy anisotropy, we first analyze the growth of a single abnormal grain imbedded in matrix grains, and then consider the growth of multiple abnormal grains that may impinge on each other at large time. All the simulations are performed in two-dimensional space by solving eq. (2) using the finite difference method with second order accuracy. The mesh is 350 Â 350 and the time step is 10 À5 . We consider 30 types of grains, and the average energy advantage of the (111) grain is about 0.35 J/m 2 . The initial configuration that contains a single abnormal grain is shown in Fig. 1(a) , where the (111) grain is located at the central region for purpose of visualization. Other 29 types of grains are randomly distributed in the remaining area. The influence of surface energy anisotropy and drag effect on grain growth is shown in Figs. 1(b)-1(d) . It can be seen that, without surface energy anisotropy and drag effect, the abnormal grain growth is not likely to occur even if the initial grain size distribution is not homogeneous. This weak dependence of growth rate on initial grain size agrees with the theoretical prediction 29) as well as Monte Carlo simulation. 30, 31) When the surface energy anisotropy is taken into account without drag effect, the (111) grain gains highest growth rate and therefore largest size because of its energy advantage, as shown in Fig. 1(c) . On the other hand, some other types of grains also grow fast because of their relatively small surface energies. So in this case, the feature of abnormal grain growth is weak since the relative growth rate of the (111) grain with respect to other grains is not sufficiently large. After both energy anisotropy and drag effect are considered, the (111) grain grows much faster than the others (see Fig. 1(d) ), which leads to abnormal grain growth. In order to confirm it, we use a common definition: 18, 32) an abnormal grain growth should satisfy the condition dðR a =hRiÞ dt > 0, where R a is the size of the abnormal grain, and hRi is the average size of the matrix grains. The relative growth R a hRi in above three cases as a function of time is shown in Fig. 2(a) is positive all the time, so the growth in Fig. 1(d) is indeed abnormal. Thus, Fig. 1 and Fig. 2(a) indicate that both surface energy anisotropy and drag effect are required to induce abnormal grain growth. Because of that, both energy anisotropy and drag effect are included in subsquent simulations.
The size evolution of the (111) grain under different temperature and film thickness is shown in Fig. 2(b) , where the initial configuration is given by Fig. 1(a) . It is found that the growth of a single abnormal grain is nearly a linear function of time, as observed in experiments 33, 34) and Monte Carlo simulation. 30, 31) The linear growth is because the driving force for abnormal grain growth is dominated by surface energy anisotropy rather than curvature. This can be seen from eq. (5) (111) grain, a linear growth law R / t is therefore achieved.
In addition, Fig. 2 (b) also shows that smaller film thickness or higher temperature results larger abnormal grain. Since small film thickness corresponds to large driving force, and high temperature leads to high grain boundary mobility, both of them increase the growth rate (and therefore the size) of the abnormal grain. The dependence of abnormal grain size on film thickness and temperature is further confirmed in Fig. 3 , which shows that the size of the abnormal grain exhibits power law scaling with film thickness and Arrhenius relationship with temperature. In particular, we have R a / H Àn with n ¼ 1 AE 0:05 from simulations. These scaling laws are consistent with the theoretical predictions 14, 15) where grain boundary velocity is v ¼ as it in the abnormal grain growth. Similar relationships are found in experiments as well. 5, 8, 11, 33, 34) Above simulations focus on the growth kinetics of a single abnormal grain. In actual thin films, multiple abnormal grains may exist and affect each other such that the growth of one abnormal grain may be stopped locally due to its impingements on others. This results a more complex growth kinetics. 30, 31, 35) In general, this type of grain growth can be described by the Avrami equation, 5, 30, 31, 36) 
where F is the fraction of abnormal grains, a, b are constants, and m is the Avrami exponent used to characterize the growth kinetics. A typical plot of À lnð1 À FÞ vs. time t for different initial area fraction of abnormal grains is shown in Fig. 4 . It can be seen that at long time, the slope of the plot approaches 2, which is the theoretically expected Avrami exponent under site saturated nucleation condition. 30, 31) Similar behavior is also found in experiments. 5, 36) By varying the initial fraction of abnormal grains from 2% to 10%, the values of m do not exhibit large variation such that m ¼ 2 AE 0:2. Moreover, Fig. 4 also shows the evolution of grain structure. It can be seen that the size distribution is monomodal initially. After a short time, several abnormal grains grow much faster than others, which results bimodal distribution of grain size. To the end, when all the normal grains are consumed, abnormal grains impinge on each other and the size distribution becomes monomodal again. This evolution of grain size distribution reflects the typical feature of abnormal grain growth.
Concluding Remarks
A phase field model is proposed to capture the abnormal grain growth in thin films induced by surface energy anisotropy. Asymptotis analysis is applied to show the match of the phase field model and the sharp interface model. The phenomenological parameters are connected to the material properties, and the influence of diffuse interface on its mobility is minimized. The proposed model is able to reveal silent features of the abnormal grain growth. It is found that abnormal grain growth generally will not occur when the grain boundary is purely driven by curvature or by surface energy anisotropy without drag effect. It occurs when the growth of normal grains is strongly constrained by the drag effect, and then the surface energy anisotropy makes a small fraction of grains grow much faster than the others. For single abnormal grain, its size increases almost linearly when the energy anisotropy dominates the driving force for grain growth, and its size exhibits power law scaling with film thickness and Arrhenius relationship with temperature. When multiple abnormal grains exist, the fraction of abnormal grains follows Avrami equation with exponent around 2 at long time, and the grain size distribution becomes bimodal before normal grains disappear. It is kept in mind that the current model emphasizes the effect of surface energy anisotropy, and therefore ignores other factors that may contribute to abnormal grain growth as well. These factors include, for instance, strain energy distribution, anisotropy in grain boundary energy and mobility. In general, these factors prefer different types of grains and their competition governs the overall kinetics and the final morphology and texture distribution. The current model is flexible to include these additional driving forces, in which the parameters such as A, B and L will be functions of grain orientations rather than constants, and an additional term that corresponds to strain energy should be added. It is expected that these extensions will make it possible to compare the simulation and experimental results quantitatively, and they are currently underway.
